Objective: To elucidate the mathematical relationship between changes of visceral adipose tissue (VAT) and total body fat mass (FM) during weight loss. Design: We hypothesized that changes of VAT mass are allometrically related to changes of FM, regardless of the type of weightloss intervention, as defined by the differential equation dVAT/dFM ¼ k Â VAT/FM, where k is a dimensionless constant. We performed a systematic search of the published literature for studies that included measurements of VAT changes via magnetic resonance imaging (MRI) or computed tomography (CT) imaging along with measurements of FM changes by dual-energy X-ray absorptiometry, hydrodensitometry, air-displacement plethysmography or whole-body MRI or CT imaging. We then examined whether or not the data could be explained by the allometric model. Result: We found 37 published studies satisfying our search criteria, representing 1407 men and women of various ethnicities, degrees of adiposity and weight-loss interventions. The hypothesized allometric equation relating changes of VAT and FM accurately modeled the data for both men and women and for all methods of weight loss studied. The best-fit value for the dimensionless constant was k ¼ 1.3 ± 0.1 and the resulting model had an R 2 ¼ 0.73. Conclusion: This is the first report to reveal an allometric relationship between changes of VAT and FM that holds for both genders as well as a wide variety of weight-loss interventions including bariatric surgery, caloric restriction with or without exercise and exercise alone. We conclude that changes of VAT are primarily determined by FM changes as well as the initial VAT to FM ratio.
Introduction
Fat accumulation in the visceral area is believed to be particularly dangerous because it is highly correlated with cardiovascular and metabolic risk factors such as elevated blood pressure, dyslipidemia, insulin resistance and type 2 diabetes. [1] [2] [3] [4] Thus, reduction of visceral adipose tissue (VAT) may be especially beneficial. Fortunately, negative energy balance appears to cause VAT to decrease to a greater degree than total fat mass (FM), 5 which may explain the early metabolic benefits of weight loss. But are some weight-loss methods better than others at generating a targeted or selective reduction of VAT?
Several years ago, Smith and Zachwieja 5 addressed the issue of selective reduction of VAT by reviewing published studies that measured VAT as well as FM changes during weight loss and found that most weight-loss interventions caused a preferential loss of VAT. These authors concluded that the absolute amount of VAT loss was related to the amount of FM loss as well as the initial VAT, 5 but a clear mathematical relationship between these variables was not determined.
Here, we update and extend the observations of Smith and co-workers and test the hypothesis that changes of VAT mass and FM are allometrically related according to the following differential equation:
where k is a dimensionless constant. This class of equations has a long and rich history and was first used by Huxley to describe the law of constant differential growth between various body parts of an organism. 6 We show that this allometric relationship accurately describes the published data on changes of VAT and FM and that the same relationship holds regardless of gender or the type of weight-loss intervention.
Methods
Published studies were included in our analysis if FM and VAT were measured before and after a weight-loss intervention in humans, regardless of the method of weight loss. FM was measured by dual-energy X-ray absorptiometry, hydrodensitometry, air displacement plethysmography or via whole-body computed tomography (CT) or magnetic resonance imaging (MRI). Studies measuring FM changes using bioelectric impedance or anthropomorphic methods, such as skin-folds, were excluded. MRI or CT imaging was used to assess VAT changes.
Since the hypothesized allometric equation is an expression involving VAT mass, we converted cross-sectional VAT areas to volumes using the regression equations described by Shen.
7 (This procedure was unnecessary for studies that measured VAT volumes using multi-slice CT or MRI.) Since different regression equations are used to convert crosssectional areas to volumes in men and women, we required that the studies report the VAT areas for men and women separately. Furthermore, the regression equations required that the slice location had to be either at L4-L5 for both genders, or 5 cm above L4-L5 for women and 10 cm above L4-L5 for men. We assumed an adipose tissue density of 0.93 kg l
À1
. We searched for studies matching the above inclusion criteria in both PubMed and Web of Science databases using the search term 'weight-loss visceral adipose tissue'. On 4 July 2007, the PubMed search returned 83 hits and the Web of Science search returned 335 hits, 65 of which were duplicates also found in the PubMed search. Examination of the abstracts reduced the number of studies possibly matching our search criteria to 131. Investigation of the methods section of these remaining reports further narrowed the number of studies to a total of 34 that fulfilled our inclusion criteria. The citations from these 34 reports were then surveyed for studies not found by the initial search, resulting in an additional 3 studies such that 37 total studies matched our inclusion criteria.
In the appendix, we show that the allometric hypothesis requires that the ratio of the change of VAT to the change of FM, DVAT/DFM, is proportional to the initial ratio of VAT to FM, VAT/FM. Therefore, we calculated these ratios and investigated whether or not a linear relationship existed. Typically, such an analysis would be completed using a weighted least-squares linear regression method that assumes that only the y coordinate has an associated uncertainty. However, in the present case, this cannot be assumed since the data had uncertainties in both the x and y coordinates. Therefore, we combined the use of traditional weighted linear regression, which accounts for the uncertainties in the y direction, along with a Monte-Carlo strategy to take the uncertainties in the x direction into account. For each Monte-Carlo iterate, a random set of x variables was chosen such that each x value was normally distributed about the data point with a s.d. given by the uncertainty of each data point. For each Monte-Carlo iteration, we performed a weighted least-squares regression procedure to fit to the line y ¼ kx. The model parameter k was estimated as the average over 10 000 Monte-Carlo simulations. All model statistics were then assessed based on this average linear model. Outlier assessment based on the Cook's distance and studentized residuals were calculated using the s.d. of the data points.
The x variable (initial VAT/FM) and y variable (DVAT/DFM) in our analysis were both calculated using the reported VAT and FM data. Since the initial VAT and FM measurements were included in both x and y variable calculations, the data transformation introduced dependencies between the variables that could possibly lead to spurious correlations. 8 We tested for spurious correlations by randomly shuffling the VAT and FM measurements 10 000 times and calculated the coefficient of determination (that is, the Pearson correlation coefficient squared, r 2 ) of the resulting x and y variables. If the data transformation procedure itself introduced significant correlations, then the r 2 calculated using the shuffled data should frequently exceed the r 2 determined from the unshuffled data. We estimated the probability of a spurious correlation as the fraction of the 10 000 r 2 values obtained using the shuffled data that exceeded the observed r 2 value of the original unshuffled data.
Results
The systematic review produced a total of 37 weight-loss intervention studies, representing 1407 subjects and 79 data points (Table 1 ). The population comprised 24% men and 73% women, of which 27% were postmenopausal. The number of men and women was not reported for 3% of the subjects. These studies investigated a wide range of weight-loss interventions including caloric restriction, 9,11,13,14,16,17,19,20- and bariatric surgery. 10, 18, 24 One study reported data from women with type 2 diabetes 17 and another study investigated HIV-positive women. 15 We plotted the loss of visceral fat mass relative to the total loss of fat mass (DVAT/DFM) against the initial visceral fat mass divided by the total fat mass (VAT/FM). Figure 1a clearly shows a linear relationship between these two ratios, which is consistent with our hypothesis that VAT and FM changes are allometrically related. The calculated dimensionless model parameter was k ¼ 1.
Allometry of visceral and total fat mass change CE Hallgreen and KD Hall Allometry of visceral and total fat mass change CE Hallgreen and KD Hall indicating that the model explained more than 70% of the variability in the reported data. We found no evidence of spurious correlations since none of the 10 000 shuffled VAT and FM data sets produced a coefficient of determination higher than that observed for the original data. The residuals of the model are plotted in Figure 1b , indicating no general trend. There were no outliers detected by examination of Cook's distance (maximum value was 0.04) or studentized residuals (maximum magnitude was 1.05). The w 2 was 4.6
and, based on an evaluation of the incomplete G function, the probability that the w 2 for a correct model should be less than the w 2 calculated for our model was less than 10
À33
. 46 In other words, the allometric model provides an excellent fit to the data. Nevertheless, this measure of the model-fit may be somewhat overestimated since the uncertainties for each data point were large due to the fact that we only had access to the reported group averages in each published study. (The average calculated uncertainty of the data points waŝ s x ¼ 0.05 andŝ y ¼ 0.3 in the x and y directions, respectively.) For clarity, we have omitted the error bars from the figures. Both men and women were described by the same allometric relationship, where k ¼ 1.3 ± 0.2 for both groups calculated separately, which was the same as the overall bestfit line with k ¼ 1.3±0.1. On average, the male subjects had a higher initial VAT to FM ratio as indicated by the closed black diamonds (E) in comparison with the open symbols (women) in Figure 1a . Crosses indicate studies that reported a mixture of men and women ( þ ). Figure 2a depicts the same data coded by weight-loss intervention. The allometric relationship applied equally well to all weight-loss interventions since no particular intervention deviated systematically from the overall best-fit line with k ¼ 1.3±0.1. The calculated allometric constants determined separately for each intervention group were no different from the overall best-fit value since k ¼ 1.2 ± 0.2 for caloric restriction alone (&), k ¼ 1.4 ± 0.2 for caloric restriction with aerobic exercise (E), k ¼ 1.3±3 for caloric restriction with resistance exercise ( þ ), k ¼ 1.5 ± 0.7 for exercise alone (D) and k ¼ 1.4 ± 1 for bariatric surgery (J).
Discussion
VAT is often considered to be a labile fat depot based on the preferential loss of VAT with weight loss, 5 along with the in vitro observations that visceral adipocytes are more lipolytically active than subcutaneous adipocytes, 47, 48 and are therefore believed to have a higher fat turnover rate. Others have hypothesized that VAT is a secondary fat storage pool that accumulates during positive energy balance only after subcutaneous stores are full. 49 Some have suggested that exercise specifically mobilizes VAT as a result of preferential stimulation of VAT lipolysis. 50 Here, we demonstrated that VAT and FM change in parallel and that the magnitude of VAT change is primarily determined by FM change according Allometry of visceral and total fat mass change CE Hallgreen and KD Hall to an allometric relationship independent of the weight-loss method. Allometric equations have historically been used to describe relationships between the relative growth of various body parts of an organism. 6 To see this, Equation (1) can be rearranged as follows:
thereby indicating that the relative growth rates of VAT and FM are proportional to each other. The fact that the best-fit value of the constant k was greater than 1 (that is, k ¼ 1.3±0.1) corresponds to the observation of preferential VAT changes versus FM changes. The fact that this same value for k adequately describes both genders as well as a wide variety of weight-loss interventions suggests that differences between men and women can be explained by the initial VAT to FM ratio and there is no preferential benefit of one weight-loss intervention over the other. The allometric model also suggests a way to determine whether or not an obesity therapy preferentially targets VAT. To show that the treatment in question has a special benefit for VAT reduction, one needs to show that the plot of DVAT/ DFM versus the initial VAT/FM lies above the best-fit line described by a control group of subjects undergoing a standard obesity treatment (for example, caloric restriction). Based on the results of the present study, we expect that the data from such a control group will be well described by a line with a slope of approximately 1.3. While the data from a treatment group targeted against visceral adiposity may not be well-described by an allometric relationship, the data must lie above the control group's line to claim that the treatment preferentially reduces visceral adiposity.
We also found data matching our inclusion criteria from two weight-gain interventions, one examining recovery of anorexic women 51 and the other an overfeeding study of healthy young men. 52 These weight-gain data also appeared to follow the allometric relationship as depicted by asterisks (*) in Figures 1 and 2 , but they were not used in the model fitting procedure. Future work should investigate the applicability of the allometric relationship in weight-gain studies.
In their 1999 review of VAT changes with weight loss, Smith and Zachwieja 5 introduced a selectivity index to facilitate comparisons between weight-loss interventions and quantify their ability to selectively target VAT. The selectivity index was defined as the percent change of VAT mass divided by the percent change of FM, which is mathematically identical to the allometric constant k. Our observation that the same value of k adequately represented various types of weight-loss interventions conforms to Smith and Zachwieja's 5 conclusion that no clear pattern was detected for the selectivity index across the interventions. However, Smith and co-workers claimed that the selectivity index depended on the initial proportion of visceral fat in a subset of studies that reported single slice area ratios of initial VAT to subcutaneous adipose tissue (SAT). In this subset of data, we also found weak positive correlations between the selectivity index and both the initial VAT/FM and VAT/SAT (r 2 ¼ 0.26 and 0.29, respectively). However, there is a high probability that these correlations were spurious, since shuffled data produced higher r 2 values than the unshuffled data 15% of the time. Furthermore, we found no significant correlations of the selectivity index as a function of initial VAT/FM in the full data set (r 2 ¼ 0.03). Thus, the data are consistent with a constant selectivity index identical to the allometric constant k, which is independent of the initial proportion of VAT. The allometric equation (1) can be integrated to give a power law relationship:
where b is a parameter that sets the baseline amount of VAT for a given initial FM. Unlike many reported allometric relationships, the value of b is not a universal constant in our case. Rather, b depends on gender, ethnicity, as well as other potential factors that contribute to determining the initial VAT. Thus, the typical log-log plots often used to assess allometric relationships in our case produces a scatter of points since the values of the parameter b vary widely across ethnicity and gender groups (not shown). However, since our analysis used the initial VAT and FM as model variables, the dependence of the parameter b on gender and ethnicity was automatically accounted for.
The most obvious limitation of the present analysis was that the calculated uncertainties of the data points were quite large due to the fact that we only had access to the reported average values from the published studies. Future studies should investigate these relationships using data on body composition change in individual subjects. Despite this limitation, a clear relationship was apparent in the data and the allometric model described this relationship remarkably well. Our analysis, therefore, suggests that changes of VAT mass are determined primarily by FM changes as well as the initial ratio of VAT to FM and are independent of gender or the method of weight-loss intervention.
